The predominance of anaerobic bacteria in subgingival plaque samples suggests that the pocket environment is anaerobic. In the present investigation, a small oxygen tension (PO2) electrode was inserted into the base of the pocket and the P02 was recorded. In addition, the plaque in these pockets was examined culturally and microscopically. The oxygen tension at the bottom of 36 pockets (5 to 10 mm in depth) ranged from S to 27 mmHg (1 mmHg = 133.3 Pa) with a mean value of 13.3 mmHg. Moderate pockets (5 and 6 mm) exhibited a mean PO2 of 15.7 mmHg, which was significantly higher than the 12.0 mmHg found in the deeper pockets. The deep pockets had higher percentages of spirochetes and Bacteroides intermedius, whereas the moderate pockets had elevated proportions of Actinomyces naeslundii and Streptococcus mutans. The sites with oxygen tensions equal to or less than 15 mmHg had significantly higher percentages of spirochetes, whereas the microaerophilic Capnocytophaga species were found in pockets with a P02 greater than 15 mmHg. The presence of bleeding in the pocket was associated with higher proportions of B. intermedius, Capnocytophaga sp., and A. naeslundii. These P02 readings of periodontal pockets indicated that there is a spectrum Of PO2 values which seem to define, in a general way, the microbiological composition of the pocket.
Bacteria which colonize the root surfaces of the teeth constitute the primary etiological component for destructive periodontitis (15, 19) . There is evidence that the flora associated with active periodontitis is characterized by a distinctive flora which if not uniquely involved with the adjacent tissue inflammation is at least diagnostic of that inflammation (16, 20, 29, 32, 33) . Light and electron microscopic examinations of subgingival plaque taken from relatively healthy sites or from diseased sites routinely show high proportions of cocci in the healthy sites and high proportions of spirochetes in the diseased sites (15, 16) .
Culture studies indicate that the majority of these subgingival organisms are anaerobes (1, 6) . These anaerobic bacteria, however, differ with regard to their oxygen sensitivity (18, 27) . The small cultivable oral spirochete Treponema denticola was classified as a strict anaerobe because it only initiated growth when there was less than 0.5% oxygen in the cultural atmosphere, whereas the pigmented and nonpigmented Bacteroides species were classified as moderate anaerobes because they initiated growth in the presence of oxygen levels as high as 8% (18) .
The predominance of spirochetes, including T. denticola, in subgingival plaque samples (22) suggested that the pocket environment is anaerobic. This supposition was supported by the observations that oxygen comprised about 1% of the gas atmosphere in the vicinity of the dentogingival surfaces (4, 5) and that the redox potenw tial (Eh) of supragingival plaque dropped from about +200 mV to as low as -140 mV as the plaque aged (7) . There is no information on oxygen tension (PO2) in the periodontal pockets, or on how this relates to the pocket microbiota. A preliminary study (26) described a method to measure the P02 in human periodontal pockets by using a P02 electrode that was small enough to be inserted to the base of the pocket. The purpose of the present study was to relate the PO2 in untreated periodonal pockets to the composition of the subgingival bacterial flora.
MATERIALS AND METHODS
Ten medically healthy patients who showed clinical and radiological evidence of advanced periodontitis participated in this study. No periodontal treatment had been performed in any of these patients in the last 5 years, nor did they give a history of antibiotic usage in the preceding 6-month period. Thirty-six pockets 660 LOESCHE ET AL.
(three or four per patient) ranging from 5 to 10 mm in depth were selected for the PO2 measurements and the bacterial studies.
P02 measurement. A flexible intravascular combined P02 electrode (Roche, Bioelectronics Kontron, ZH, Switzerland), which was modified so as to have an active tip length of 2.5 mm and a cross section of 0.6 by 1.3 mm (26) , was inserted into the base of each pocket. Because of these probe dimensions, it was not possible to measure the PO2 in pockets <4 mm.
The oxygen electrode contains a thin polyethylene sensor tube which acts as a hydrophobic gas-permeable membrane. This tube is filled with an electrolyte solution and contains two silver wires which represent the cathode and the anode. The cathode is polarized with -800 mV relative to the anode (2, 3) . Any gases capable of diffusing through the hydrophobic membrane and of being reduced at about 800 mV will generate an electric current. As oxygen is the most likely gas with these characteristics found in biological systems, the electrolysis current is directly proportional to the rate of oxygen diffusion through the membrane and serves as a continuous indicator of the partial pressure of oxygen (PO2) in the sample. There is no detectable interference with this measurement by CO2 and pH in physiological ranges (3) .
The electrode was designed to measure PO2 in a large homogeneous liquid volume such as the bloodstream, where the oxygen consumption by the redox process is negligible. However, in a small heterogeneous system such as the periodontal pocket, where the plaque is bathed by gingival crevicular fluid or blood or both, the oxygen consumption by the electrode could result in a decrease of the actual PO2 if the oxygen supply is not maintained. The measured PO2 values reached their lowest levels within 5 to 10 min and then remained stable. This suggests that oxygen consumption by the electrode was not of any consequence, as sufficient oxygen diffused from the tissues so as to maintain a steady PO2 within the pocket.
The sterile, disposable electrodes were calibrated before every measurement to the actual PO2 in the atmosphere, i.e., 21% of the atmospheric pressure minus the partial pressure of water vapor (47 mmHg at 37°C; 1 mmHg = 133.3 Pa). Since the calibration temperature differed from the temperature in the periodontal pockets, which is about 34 to 36°C (28) , an adjustment on the monitor to a temperature of 35°C was performed.
The oxygen sensors were positioned carefully in the pockets until resistance from the attachment tissues was felt. Millimeter marks on the electrode indicated the actual depth of the sensor in the pocket. The patients were asked to close their lips during the measurements so as to keep the intraoral temperature and oxygen tension constant. The PO2 readings declined in the first few minutes in situ, reaching a plateau within 5 to 10 min after electrode insertion. The PO2 values on this plateau were then recorded.
Clinical parameters. The depths of the selected pockets were subsequently measured to the nearest millimeter with a graduated periodontal probe. The difference between the pocket depth and the sensor depth averaged about 0.6 mm. The gingival inflammation about these teeth was estimated on a scale of 0 to 3 according to the gingival index (17) .
Bacteriological samples. (23) . The total anaerobic count, the counts of blackpigmented Bacteroides species, Capnocytophaga species, Fusobacterium nucleatum, and the red-brown pigmented colonies of Actinomyces odontolyticus were obtained from growth on enriched tryptic soy agar (37) . Either all or representative colonies of black-pigmented Bacteroides species were subcultured and differentiated on the basis of their ability to use glucose, to hydrolyze esculin, and to produce indole (24) .
Actinomyces viscosus and Actinomyces naeslundii were differentiated and enumerated on a cadmium sulfate-metronidazole selective medium (11) . Streptococcus sanguis and Streptococcus mutans were identified by their colony morphology on MM10 sucrose agar (23) . Veillonella colonies were enumerated on a medium containing the MM10 base minus the sucrose and blood but supplemented with lactate, vancomycin (30) , and a 0.004% bromocresol purple indicator. The total count offacultative organisms was obtained from growth on enriched tryptic soy agar containing 20 ,ug of metronidazole per ml, which was incubated anaerobically (24) .
Ten microliters of the portion removed for the microscopic examination was applied to a microscopic slide and covered with a cover slip. The slide was examined by dark-field microscopy at a magnification of x 1,200. Generally, 200 bacteria or 20 fields selected at random, whichever occurred first, were counted. The bacteria were classified into the following morphological categories: spirochetes (large, intermediate, small), fusiforms, motile organisms, rods, and cocci.
Statistical analysis. The bacteria profiles of plaques at different PO2 values or at different pocket depths were statistically analyzed by using the Student t-test as well as the nonparametric Mann-Whitney U and median tests (31) . An analysis of variance with the Scheffe test was used for comparisons between groups.
RESULTS
The PO2 at the bottom of the untreated pockets ranged from 5 to 27 mmHg, with a mean value of 13.3 mmHg. The 95% confidence limit for the mean P02 was between 12.3 and 14.2 whether any of the monitored organisms exhibited a preference for the deeper pockets. The percentages of total spirochetes and B. intermedius were higher in the deep pockets, but not significantly so (Table 1) . A. naeslundii, S. mutans, and the proportions of rods observed microscopically were significantly elevated in the moderate pockets (Table 1) . These findings suggest that the deeper pockets, which had an average P02 of 12.0 mmHg, tended to select for certain anaerobic species, whereas the moderately deep pockets, which had a PO2 of 15.7 mmHg, selected for certain microaerophilic species.
The data were then analyzed according to the P02 found in the pockets. The viable counts were comparable in both oxygen groups ( Table  2 ). The sites with P02 equal to or less than 15 mmHg had significantly higher percentages of spirochetes than were found in the sites with P02 greater than 15 mmHg ( as a function of both pocket depth and P02 is shown in Table 3 . The proportions of strictly anaerobic spirochete species tended to be elevated in deep pockets, with a predilection shown for sites with low P02. In the moderate pockets, the spirochetes also preferred the low P02. The intermediate size spirochetes, in particular, were significantly reduced in the moderate pockets when the P02 was above 15 mmHg (Table 3) . Among the moderate anaerobes, B. intermedius was significantly elevated in those deep pockets that had low P02 (Table 3) . Bacteroides gingivalis was found in both moderate and deep pockets but tended to be reduced in those deep pockets with the higher P02. F. nucleatum appeared to tolerate higher PO2, as their proportions were significantly elevated in those deep pockets with a P02 greater than 15 mmHg.
Among the microaerophilic species, A. naeslundii was significantly elevated in the moderate pockets that exhibited higher PO2. The proportions of Capnocytophaga sp. in both moderate and deep pockets were elevated in those sites with higher P02 (Table 3 ). The other microaerophilic organism monitored, A. viscosus, behaved in an anomalous manner in that its proportions tended to be higher in the low P02 sites, regardless of pocket depth (Table 3) . Facultative species such as S. mutans and S. sanguis were present in higher proportions in the moderate pockets, with S. mutans being significantly elevated in those moderate pockets which had the lowest P02 (Table 3) .
Several of the indigenous subgingival plaque organisms are known to derive nutritional benefit from host products (21) . As these nutrients might be elevated in the presence of gingival bleeding, an effort was made to determine what effect bleeding, combined with PO2, could have upon the proportional distribution of these organisms in the periodontal pockets.
The presence or absence of gingival bleeding did not affect the proportional distribution of the total spirochetes (Table 4) . However, in the high P02 sites, the proportions of large spirochetes in the two pockets that exhibited no bleeding were significantly elevated relative to the bleeding sites ( Table 4 ). The intermediate-size spirochetes were elevated in the nonbleeding sites compared to bleeding sites at both high and low oxygen tensions.
B. intermedius was significantly elevated in those low PO2 sites where bleeding occurred (Table 4 ). This suggested that some nutrient(s) was derived from the bleeding, but that this benefit could best be realized at low P02. F. nucleatum was more prominent in the absence of bleeding, especially in the high P02 pockets. The Capnocytophaga species were significantly elevated only in those bleeding sites that exhibited the higher P02 (Table 4) . This suggested that higher P02 were more important than bleeding for their ascendency in a site. The same was true for A. naeslundii, as the proportions of this organism were significantly higher in those bleeding sites associated with the higher P02. Smutans was significantly elevated in bleeding sites with low PO2, whereas S. sanguis tended to be higher in those bleeding sites with the higher P02 (Table 4) .
The interactions of pocket depth and bleeding upon the bacterial flora were also examined. the actual pH and temperature in the monitored pockets and based our calculations on a pH of 7 and a temperature of 35°C in the pockets. The pH of resting subgingival plaque, such as that present in this investigation, is about 7.0 (9). However, some subgingival plaque organisms are saccharolytic, i.e., Capnocytophaga species, Bacteroides melaninogenicus, S. mutans, and S. sanguis, and it is possible that if sufficient glucose was present in the gingival crevicular fluid the pH in the plaques in which these organisms dominated would be lower. In this case, the observed P02 values would be higher than those reported here. Recent reports indicate that the temperatures of pockets '5 mm range from 34 to 360C (28) . For purposes of the present study, the temperature of the pocket was assumed to be 35°C. With these reservations in mind, the results were interpreted as follows.
The P02 at the base of untreated periodontal pockets is about 13.3 mmHg or 1.8% oxygen. This is low compared with atmospheric P02 (155 mmHg), arterial blood P02 (95 mmHg), and venous blood P02 (20 to 40 mmHg) (8) . However, the P02 in the buccal vestibule, which might reflect the PO2 at the orifice of the pocket, is lower, i.e., about 5 mmHg (4, 5). Thus, the slightly higher P02 found in these untreated pockets might reflect oxygen which diffuses into the pocket from the adjacent epithelial surfaces. The tissue P02 ranged from 15 to 40 mmHg (2), which could maintain such a diffusion gradient. Also, bleeding into the pocket could elevate the pocket P02 levels. Some support for this was the observation that sites which exhibited spontaneous bleeding (gingival index = 3) had significantly higher PO2 readings than did sites with lower gingivitis scores (G. Mettraux, F. A. Gusberti, and H. Graf, manuscript in preparation).
The pockets studied in this investigation were divided into those with relatively high P02 and those with relatively low PO2, using 15 mmHg as the partition value. This value seemed to define an important environmental parameter with regard to the distribution pattern of several of the monitored species. Thus, the spirochetes, which were presumed to contain strict anaerobes among their numbers, were significantly elevated in the pockets with low PO2, and Capnocytophaga species, which are known microaerophils (14) , were significantly elevated in the high PO2 pockets ( Table 2 ). The intermediate-size spirochetes, in particular, were significantly elevated in the low P02 sites.
Pocket depth is the clinical parameter used to assess periodontal morbidity and treatment efficacy. Deep pockets were found to have both a lower P02 relative to moderate pockets and to contain higher proportions of spirochetes (Table TABLE 5 1). The microaerophilic A. naeslundii and S. mutans were significantly elevated in the moderate pockets compared to the deep pockets (Table 1). Thus, the oxygen sensitivities of these plaque organisms coincided with their proportional distribution in pockets of various P02 and depths.
Although spirochetes tended to be more numerous in pockets with the lower PO2. they were nevertheless found in plaques over the P02 range of 5 to 27 mmHg. This suggested that some or all of these plaque spirochetes were more oxygen tolerant than previously suspected. Previously, the small spirochete T. denticola was found to be unable to initiate growth on agar surfaces when the atmospheric PO2 was greater than 4 mmHg (18) . Either (Tables 4 and 6 ). This indicated that this moderate anaerobe derived a real benefit from blood products, but only at low P02 tensions. Some strains of this species require hemin, vitamin K (25) , and steroids such as progesterone and estradiol (13) for optimal growth in vitro. These or other yet-tobe-identified nutrients in the blood could account for the ascendancy of B. intermedius in these sites in a manner analogous to their selection in plaques associated with pregnancy gingivitis (12) .
F. nucleatum was particularly high in the two plaque samples taken from nonbleeding, high P02 sites. Otherwise it tended to prefer nonbleeding sites. The Capnocytophaga species preferred the high P02 sites and seemed to benefit from bleeding. A. naeslundii also exhibited higher proportions in those sites with bleeding and a high P02. Thus, these microaerophilic species appeared to derive some selective advantage from both high P02 levels and bleeding. In regard to the latter, both Capnocytophaga species and A. naeslundii increase in plaque samples at the time of puberty and coincident with gingivitis, suggesting that some host-derived product was instrumental in their selection (Gusberti et al., in press).
The facultative S. mutans and S. sanguis species were confined to the moderate pockets and tended to be elevated in the presence of bleeding. S. mutans was elevated in sites with low PO2, whereas S. sanguis preferred sites with a higher P02 ( Table 4 ). The presence of S. mutans in subgingival plaque is potentially ominous, as this organism is significantly associated with root surface caries (36) .
These P02 readings in periodontal pockets indicated that there is a spectrum of P02 values which seems to define, in a general way, the microbiological composition of the pocket. Thus The discussion has focused primarily on the influence that P02 derived from the host can have on shaping the microbiota of the pocket. In reality the microbiota contribute significantly to the environment by producing or excreting products which affect the physical-chemical characteristics of the niche. For instance, microbes would lower the P02 of the environment via enzymes such as oxidases and superoxide dismutase and increase the P02 by producing products such as antigens, endotoxins, organic acids, peptides, and sulfides, which act on the host to increase bleeding. Thus the P02 detected by the oxygen electrode is the result of many complex interactions, and the low values observed should be interpreted as confirming only that the pocket environment is anaerobic, a fact that has been well demonstrated by the anaerobic culturing requirements of the resident flora (6) . However, the P02 of the pocket is not as low as would have been surmised, given the low P02 that is necessary for optimal bacteria recoveries in vitro. This would indicate that factors other than P02 determine the ability of strict anaerobes to grow in the periodontal pocket.
